Lipid-containing inclusions have been observed in human Bruch's membrane (BrM) and are postulated to be associated with age-related maculopathy (ARM), a major cause of legal blindness in developed countries. The dehydration associated with specimen preparation for thin-section transmission electron microscopy causes loss of these inclusions. Better preservation of the ultrastructure of the inclusions and tissue is achieved by using a quick-freeze/deep-etch preparation. We use this technique to examine normal human macular BrM in order to characterize the deposition of the lipid-rich inclusions and their age-related accumulation within different layers of the tissue. We find that various inclusions mentioned in other studies can be formed by combinations of three basic structures: lipoprotein-like particles (LLPs), small granules (SGs) and membrane-like structures. These inclusions are associated with collagen and elastic fibrils by fine filaments. In younger eyes, these inclusions are found mostly in the elastic (EL) and outer collageneous layer (OCL) and occupy a small fraction of the interfibrillar spacing. As age increases, LLPs and SGs gradually fill the interfibrillar spacing of the EL and inner collageneous layer (ICL) of the tissue, and later form a new sublayer, the lipid wall, within the boundary region between the basal lamina of retinal pigment epithelium (RPE) and ICL. Because the formation of the lipid wall only occurs after these inclusions fill the ICL, and it seems unlikely that the LLPs can pass through the packed layer, this result suggests a possible RPE origin of the LLPs that make up the lipid wall.
Introduction
Bruch's membrane (BrM) is a thin layer of connective tissue located between the retinal pigment epithelium (RPE) and the choriocapillaris. Due to its specific location and properties, this tissue is thought to be a vital limiting layer for metabolic transport between the RPE cells and the choriocapillaris (Marshall et al., 1998) . The RPE in turn plays an important role in the maintenance of photoreceptor metabolism (Kornzweig, 1977; Anderson et al., 1978; Matsumoto et al., 1987; Korte et al., 1989; Giusto et al., 1997) . Compromise of the nutrient and waste transport through this region would eventually affect the photoreceptor's normal function and thus has been suggested as a possible cause of age-related maculopathy (ARM) (Sarks, 1976; Grindle and Marshall, 1978; Bird and Marshall, 1986; Chen et al., 1992; Starita et al., 1996) , a leading cause of blindness in developed countries (Foster and Resnikoff, 2005) . Age-related changes and accumulation of apparent ''debris'' in BrM are thought to compromise this transport (Killingsworth, 1987; Chen et al., 1992; Moore et al., 1995; Starita et al., 1996) .
With advanced age, both the thickness and complexity of BrM increase primarily due to extracellular matrix remodeling and accumulation of inclusions in this region (Ramrattan et al., 1994) . These inclusions include advanced glycation endproducts (AGEs), coated vesicle-like bodies, spiked coated vesicle-like bodies, electron-lucent droplets, membranous debris, coated membrane-bound bodies (CMBBs), long spacing collagen and lipoprotein-like particles (LLPs) (Hogan and Alvarado, 1967; Grindle and Marshall, 1978; Feeney-Burns and Ellersieck, 1985; Killingsworth, 1987; van der Schaft et al., 1991; Handa et al., 1999; Ruberti et al., 2003; Li et al., 2005a; Yamada et al., 2006) . In the later stage of human life, these inclusions presumably fuse or aggregate to form drusen and the basal deposits that are associated with agerelated macular degeneration (Sarks, 1976; Pauleikhoff et al., 1990; van der Schaft et al., 1992; Green and Enger, 1993; Curcio and Millican, 1999) . The accumulation of these inclusions may impede physiologic transport through this region (Hogan and Alvarado, 1967; Killingsworth, 1987; Curcio and Millican, 1999) . The hydraulic conductivity, the permeability to macromolecular transport, and the elasticity of BrM are all found to decrease with advancing age (Moore et al., 1995; Starita et al., 1996; Hussain et al., 2002; Ugarte et al., 2006) , and these events may disturb the metabolism of the RPE and photoreceptor cells.
In order to characterize these ultrastructural changes in BrM, studies using conventional thin-sectioning transmission electron microscopy (TEM) and histochemical methods have identified various inclusions and the age-related changes of the tissue (Nakaizumi et al., 1964; Feeney-Burns and Ellersieck, 1985; Killingsworth, 1987; Curcio et al., 2001 ). However, preparative steps for these procedures, such as the dehydration necessary for conventional TEM, result in ultrastructural loss and removal of lipids from the tissue (Guyton and Klemp, 1988; Overby et al., 2001; Ruberti et al., 2003) . A better characterization of the accumulation of the lipid-rich inclusions, along with ultrastructural features and the consequent agerelated changes of BrM, can provide valuable information related to the progression of accumulation of these inclusions and their influence on transport through this region. Ruberti et al. (2003) used the quick-freeze/deep-etch (QFDE) technique to preserve lipids and to visualize the ultrastructural features within BrM. Their images of a small number of older eyes not only demonstrated lipid-rich particles accumulating in BrM, but also revealed the ''lipid wall'' that is formed by these particles in the inner ICL in some older eyes. In this study, we use this technique to examine normal human BrM in a larger series of eyes in order to characterize the progression of inclusion deposition and age-related ultrastructural changes of the extracellular compartment.
Methods

Eye tissues
Human eyes were obtained from Alabama Eye Bank within 4 h post-mortem. Eyes with drusen larger than 63 mm or any other grossly visible chorioretinal pathologic disturbance in the macula were excluded. Also, eyes from donors with diabetes or receiving artificial respiration longer than 5 days were excluded. Sixteen normal eyes were examined in this study, including two previously described eyes (Ruberti et al., 2003) ( Table 1) .
The posterior segment of the normal eyes was preserved by immersion in 0.1 M phosphate buffer solution with 2.5% glutaraldehyde and 1% paraformaldehyde for at least 24 h after the removal of the anterior segment. The macular region, including the retina, RPE, BrM, choroid, and sclera, was then dissected into 16 2 Â 2 mm square blocks for QFDE or thinsectioning TEM processing. A few of the tissue blocks were treated with Folch reagent (chloroform/methanol, 2:1) before QFDE processing to remove the lipids in BrM and see the effects on the ultrastructure.
QFDE processing
For eyes examined by QFDE, the retina layer was pulled away using fine forceps. The RPEeBrMechoroidesclera complex was slam frozen in liquid nitrogen (À196 C) in a Leica EM MM80E (Leica Microsystems Inc., Bannockburn, IL). The frozen tissue, with the RPE side facing up, was then transferred into a freeze-fracture deep-etch chamber (Cressington CFE-60, Cressington Scientific Instruments Ltd., Watford, UK) held at a vacuum level of 10 À7 mbar. To reveal BrM, the tissue block was fractured obliquely by a cold razor blade and then etched at À95 C for 25 min. After etching, a replica of exposed BrM ultrastructure was made by rotary shadowing using a platinum/carbon mixture at angle of 20 to the tissue surface and then further strengthened by coating with carbon from above. The replica was then immersed along with the tissue into a digestion solution (water/bleach, 1:1). The sclera was removed soon after the beginning of the immersion. The replica and the remaining chorioretinal juncture remained in the solution for at least 2 h to remove the tissue. The remaining replica pieces were then picked up by copper hexagonal grids, air dried, and examined using a JEOL-100 CX (JEOL USA, Peabody MA) electron microscope. Micrographs of the replica 
F, female; M, male; C, Caucasian; AA, African-American.
were scanned at 1500 lpi using an AGFA Duoscan T2500 (AGFA USA, Ridgefield Park NJ) in TIFF format and examined on a Power Mac G5 (Apple, Cupertino CA).
Thin-sectioning TEM
For each macula, 1e2 fixed tissue blocks were also post fixed using osmiumetannic acideparaphenylenediamine (OTAP) to preserve neutral lipid components (Guyton and Klemp, 1988; Curcio et al., 2005a) . Tissues were then dehydrated, infiltrated, and embedded in PolyBed 812 (Polysciences, Warrington, PA). One-micrometer thick sections were stained with 1% toluidine-blue-O in 2% sodium borohydrate. Thin sections were examined using a JEOL1200 EXII (JEOL USA, Peabody, MA) or a Hitachi 7000 (Hitachi High Technology America, Pleasanton, CA) electron microscope. Representative negatives of thin sections (Kodak EM film 4489) were scanned with a PowerLook 1100 scanner and Umax Magiscan 4.5 (Umax Technologies Inc., Dallas, TX).
Results
The five layers of BrM lying between the RPE and the fenestrated choriocapillaris, when examined using QFDE, could be distinguished by their morphological features (Fig. 1) . The layers are not always continuous across the images. On both aspects of the tissue resided two thin layers of tight meshwork, the basal lamina of the RPE (BL-RPE) ( Fig. 2A) and the basal lamina of the choriocapillaris (BL-CC) (Fig. 2D) . The smooth and wide band-like material seen in the center of BrM were elastic fibrils that clearly marked the location of the elastic layer (EL) (Fig. 2C) . Separated by the EL, the inner collageneous layer (ICL) (Fig. 2B ) and the outer collageneous layer (OCL) (Fig. 2D) were fibril networks located on the RPE and choriocapillaris side, respectively. The ICL, EL, and OCL were defined as middle layers of BrM in this study. The EL was not always apparent in QFDE replicas.
The collagen fibrils seen in the middle layers occasionally showed 64 nm periodicity. The fine preservation of the tissue using the QFDE method demonstrated exquisite ultrastructures of the extracellular components and the associations among them. The age of eyes used in this study covered from the 3rd to the 9th decade of human life allowing us to investigate the age-related changes of these ultrastructures within different layers of the tissue.
Inclusions seen in BrM using QFDE
Different inclusions were observed in BrM even in the youngest eyes examined. We found three basic types of inclusions in QFDE images: lipoprotein-like particles (LLPs), small granules (SGs), and the membrane-like structures that formed coated membrane-bound bodies (CMBBs) when combined with LLPs and SGs. These inclusions were usually found in the middle three layers of BrM.
LLPs were one of the major materials that accumulated with age in BrM (Fig. 3A) . As we reported previously (Ruberti et al., 2003) , these spheroids appeared as a concentric coreshell ultrastructure. LLPs were identified as lipid containing based on several characteristics. First, they appeared solid and did not etch significantly during the QFDE process, indicating that they contained only little water. Second, their morphological appearance was similar to that reported in studies of low-density lipoproteins that accumulate in intima observed by QFDE (Frank and Fogelman, 1989) . Third, they appeared in the same locations in BrM as LLPs have been found using other lipid preserving techniques (Curcio et al., 2001; Ruberti et al., 2003) . Finally, these particles were extracted from the QFDE images when the tissue was pretreated with Folch reagent to remove lipids (Huang, 2007) . The size of the LLPs usually varied from 60 to 100 nm but sometimes could be as large as 300 nm. Large LLPs were probably formed by the fusion of two or more individual LLPs as shown in Fig. 3B . The LLPs were frequently seen in contact with fine filaments (Fig. 4A ), presumably proteoglycans that extended among collagen and elastic fibrils. In addition, the LLPs were found associated with SGs, as described below (Fig. 4B) .
A large number of SGs were observed in the middle layers of BrM. They appeared as small round particles of approximately 10 nm in diameter with no other obvious morphological characteristics (Fig. 5A ). Similar to the LLPs, the SGs also were attached to the fine filaments (Fig. 5B ). Sometimes clusters of the tightly packed SGs were found in the tissue (Fig. 5C ).
An interesting morphological feature was the complex composed by a single LLP and one or more layers of surrounding SGs. Variability in the fracture plane passively around an LLP allowed us to infer the ultrastructure of this complex, as seen in Fig. 6 . Since the size of the LLP and the number of layers of the SGs varied from one LLP to another, the size of the complex varied from about 100 nm to 300 nm. Short struts were found radiating from the SG layer and associating with nearby fibrils.
The CMBB was a more complicated configuration that was composed of LLPs and SGs, absent the collagen fibrils, surrounded by a membrane-like structure (Fig. 7A) . The membrane-like structure, about 15 nm wide and sometimes doublelayered, showed a granular appearance and formed either a closed or opened loop (Fig. 7B) . Within the loop, the LLPs Fig. 1. ( A) The basal lamina of RPE cells. Notice that the BL-RPE was divided into two sublayers. On the RPE side was the lamina lucida and on the other side was the lamina densa. Arrows indicate the boundary of the BL-RPE. (B) The ICL was composed of collagen fibrils (arrows) and fine filaments, on which the lipoprotein-like particles (LLPs) and small granules (SGs) were accumulated. (C) EL was marked by the wide, smooth elastin fibrils. This layer also contained the collagen fibrils and fine filaments. E, the elastin fibrils. (D) The OCL and the thin BL-CC. The OCL was composed of the same components as the ICL. The thin layer of BL-CC, indicated by arrows, was located adjacent to the vessel wall of choriocapillaris. Star, the vessel wall of choriocapillaris. Bar 500 nm.
and SGs were packed with short thin filaments associated with these inclusions. Sometimes the LLPeSG complexes described above were also found in the loop. Outside the loop, short struts stretched out from the membrane-like structure and connected to nearby fibrils (Fig. 7B) . The CMBBs were seen in both collageneous layers and in the EL of BrM.
Different types of small drusenoid structures, clearly visible in eyes prepared by OTAP (Fig. 8) , were also identified by QFDE (Fig. 9) . High magnification QFDE images showed that these structures contained all the inclusions just described (Fig. 10A) . Tightly packed within the drusenoid structure, the inclusions were occasionally seen to be associated with short, thin filaments. The CMBBs seemed to be the major component, with these structures found everywhere. We found no collagen fibrils from the collageneous layer within the drusenoid structures (Fig. 10B) . A thin layer of BL-RPE separated them from the RPE cells. Fine fibrils were seen extending from the lamina densa into the drusenoid structures and associating with its components (Fig. 10C) .
The long spacing collagen, described in other morphological studies of BrM (Hogan and Alvarado, 1967; Grindle and Marshall, 1978; Killingsworth, 1987; Newsome et al., 1987) , was not identified in our QFDE preparations. In our study, long spacing collagen was observed only when examining the tissues using OTAP thin-sectioning TEM (data not shown). In OTAP images, the long spacing collagens found in BrM demonstrated morphological features similar to those previously described in other studies (Grindle and Marshall, 1978; Newsome et al., 1987) .
It appeared that with increased donor age, BrM became more packed with these inclusions with a concomitant reduction of intervening void space. A closer examination indicated that the major accumulated inclusions are LLPs and SGs. We also found the filling of the tissue was not homogeneously distributed in all layers, as described below.
Progression of LLP and SG deposition and the formation of the lipid wall
With advanced donor age, an increased deposition of LLPs and SGs in BrM was seen that gradually filled the tissue. A progression of the inclusion accumulation was observed. In eyes <40 years, the EL and OCL seemed to be more filled than the ICL and the inclusions were mostly found in these two layers (Fig. 11A) . With increasing age, both EL and ICL showed significant amounts of the inclusions, and thus appeared more crowded than did the OCL in old eyes (Fig. 11B) . The inclusions were rarely found inside either the BL-RPE or the BL-CC in any samples of our study (data not shown).
Although inclusions were usually found in the OCL, their number did not appear to increase with aging (Fig. 12) . Even in older eyes, this layer was never filled with the significant inclusions in contrast to other layers, particularly the ICL.
The EL was the first layer that appeared filled with a significant amount of LLP and SG inclusions (Fig. 13) . Discernible accumulation of inclusions in this layer seemed to begin in eyes >30 years (Fig. 13B) . In eyes 40e50 years, the amount of LLP and SG depositions in this layer had increased to the extent that the EL became the most packed region among the middle layers of the tissue (Fig. 13CeE) . In spite of the high density of LLP deposition in this area, clusters of LLPs were rarely observed perhaps because there was also a large amount of SG deposition among individual LLPs. The level of the deposition was such that the EL was always filled by LLPs and SGs in eyes >60 years (Fig. 13FeH) .
The most extensive age-related changes seen in BrM were seen in and around the ICL. In eye samples <41 years, the layer was nearly deposit-free (Fig. 14AeC) . As the donor age increased, more LLPs and SGs became associated with the fine filaments in the ICL, forming groups of inclusions (Fig. 14D) . In eyes 50e60 years, this layer began gradually to be filled by the LLPs and SGs. This accumulation appeared to begin from the EL side and extend to the RPE side. In donor eyes >60 years, the ICL was nearly stuffed by these inclusions (Fig. 14EeH) . With the ICL packed by LLPs and SGs, patches of LLPs began to develop between the ICL and the BL-RPE and that ultimately resulted in the formation of a lipid wall in eyes >70 years (Ruberti et al., 2003) .
Located at the boundary between the BL-RPE and ICL, the lipid wall was a nearly confluent layer composed of LLPs and SGs. Eyes <30 years rarely showed LLP deposition in this area (Fig. 15A) . With increased age, the number of inclusions residing at this boundary increased and collagen fibrils connecting the RPE-BL to the ICL became less visible (Fig. 15BeF) . A close examination showed that these inclusions seemed to be trapped among the fine fibrils that extended from the lamina densa to collagen in the ICL. Gradually the inclusions filled the interfibrillar spacing and formed patches of particles in eyes >60 years (Fig. 16) . With the expanding of the area occupied by these patches, they developed into a thin continuous sublayer adjacent to the BL-RPE recognized as the lipid wall (Fig. 16C,F) . Unlike other layers filled by both LLPs and SGs, in some old eyes, high magnification images of the sublayer appeared composed mostly of LLPs (Fig. 17) . Large and deformed LLPs were usually observed in this tightly packed environment (Fig. 17A) .
Discussion
In this study, by utilizing both the QFDE and OTAP techniques for sample preparation, we were able to demonstrate ultrastructural features of BrM not easily appreciated using conventional techniques. The limited usage of chemical treatments and ultra-fast slam freezing of the sample tissue of QFDE should have minimized artifacts in our preparations. As diseased eyes were excluded from this study, the results represent a plausible progression of age-related change within BrM.
Our findings are in agreement with other morphological results (Killingsworth, 1987; Marshall et al., 1998) that BrM accumulates a large quantity of variable inclusions during the human lifespan. In addition, the fine preservation of the tissue enabled us to further characterize the components of these inclusions and track their progression in the tissue, with the goal of evaluating the possible impact of these inclusions on the transport through this region.
Inclusions found in BrM
Several kinds of inclusions had been reported in BrM. Those described by Killingsworth (1987) included coated vesicle-like bodies, electron-lucent droplets, CMBBs, and fibrous banded materials seen in the tissue. In another study, Pauleikhoff et al. (1990) indicated the appearance of small membranebound vesicles and membrane fragments. Other studies also reported membranous debris (Curcio and Millican, 1999; Curcio et al., 2005a) , long spacing collagens (Sarks, 1976; van der Schaft et al., 1991) , drusen (Green and Enger, 1993; Sarks et al., 1999; Hageman and Mullins, 1999) ), and fine granules in BrM (Killingsworth, 1987; Curcio and Millican, 1999) . In our studies, we found three types of inclusions in QFDE images: LLPs, SGs, and membrane-like structures. However, by combining these different types of inclusions, it appeared that, except for long spacing collagens, all of the different kinds of inclusions mentioned in other studies could be demonstrated in our findings.
One of the most prominent inclusions seen in BrM was the LLPs. These particles were usually 60e80 nm in diameter, with a solid core surrounded by a thin surface layer. Their morphological features were similar to those of the small membrane-bound vesicles, or coated vesicle-like bodies, sometimes called ''electron-lucent particles'' depending on the morphological technique used for sample preparation (Killingsworth, 1987; Sarks et al., 1988; Curcio and Millican, 1999) . The LLPs were usually about 70 nm wide (Killingsworth, 1987; Curcio and Millican, 1999; Ruberti et al., 2003) . It was found that the electron-lucent part of this deposit was actually solid and was likely removed during the dehydration process for conventional thin-sectioning TEM preparation (Ruberti et al., 2003; Curcio et al., 2005a) . It had been reported that there was another form of the coated vesicle-like bodies that was ''spiked'' and around 110 nm wide (Killingsworth, 1987 ). In the current study, we found that the complex composed by single LLP surrounded by SGs, common in all middle layers of BrM, resembled this type of formation.
The small granules were another major deposit found in our study. Morphologically, these were much smaller spheroids than the LLPs. Although they resembled the ''fine granules'' found using other sample preparation techniques (Killingsworth, 1987) , to our knowledge this was the first time the SGs were found to contribute significantly in the inclusion accumulation in BrM. The identity of these small particles remains to be determined. However, our finding of the complex formed by the SGs and single LLP suggests a possible interaction between these two inclusion types.
The coated membrane-bound body (CMBB) was a major deposit described in other morphological studies (Killingsworth, 1987; Marshall et al., 1998) . It was characterized as a membrane-bound substructure with fine granules, electron-lucent particles, and coated vesicle-like bodies inside (Killingsworth, Fig. 11 . Oblique sections of BrM of (A) 34-and (B) 77-year-old eyes. Arrowheads indicate the BL-RPE. The EL and OCL of the younger eyes were clearly denser than the ICL. In the older eyes, the EL and ICL were packed with inclusions and thus appeared more crowded than the OCL. Bars 1 mm.
1987). Our findings confirmed this ultrastructure as the QFDE images showing CMBBs were composed of the membranelike structures surrounding LLPs and SGs. It had been suggested the membrane-like structures were lipid-rich (Curcio et al., 2001) , and their association with other matrix materials via short struts implied a probable binding mechanism of the CMBB in the tissue.
As only one drusenoid structure was observed in QFDE preparation of our study, its morphological features could not represent all types of drusen described in other studies (Green et al., 1985; Green and Enger, 1993; Sarks et al., 1999; Hageman and Mullins, 1999) . Nevertheless it fits the characteristics of an ''entrapment site'', a phenotype of CMBBs described in eyes with clinically undetectable drusen (Sarks et al., 1999) . It has been suggested that the formation of the drusen is caused by CMBBs unable to penetrate the tightly woven collagens of the ICL (Sarks et al., 1999) . However, our findings of CMBBs in all three middle layers of BrM indicated either the CMBBs were mobile in spite of their relatively large size, or that this type of inclusion was formed locally via some unknown mechanism. The only deposit type seen in BrM that we did not identify in the QFDE images was the long spacing collagen. We were able to see such inclusions in our OTAP thin-sectioning TEM examination. The long spacing collagen has been described as parallel banded collagen-like materials with an axial periodicity about 100 nm (Killingsworth, 1987; Knupp et al., 2002) . We suspected those structures were not easily identified in our QFDE images due to the inability to preserve the periodic banding of collagen fibrils when using this technique. We found that although the high magnification QFDE images were capable of characterizing the collagen fibrils as composed by coiled microfibrils, they rarely showed the 64 nm axial banding that was usually apparent in other studies (Marshall et al., 1998) . This banding has been seen using heavy metal staining (Hodge and Schmitt, 1960; Meek et al., 1979) , typical of conventional preparation, which is not part of specimen preparation by QFDE.
Possible mechanism of LLP accumulation
We found significant age-related accumulation of LLPs in BrM. In high magnification QFDE images, it appeared that the inclusions we saw were frequently in contact with collagen or elastic fibrils by fine filaments that resembled proteoglycans. One possible mechanism of accumulation could be the embedding of the LLPs in the fibrils either due to higher filament density in that region (Starita et al., 1997) or increased cross-linking of fibrils (Karwatowski et al., 1995; Handa et al., 1999) . The recent discovery of potential apolipoprotein B-100 (ApoB-100) on the LLPs (Li et al., 2005a (Li et al., , 2006 suggests that this attachment might be similar to the mechanism causing low density lipoprotein (LDL) accumulation in the vascular intima. It has been postulated that LDL accumulation in vascular intima is initiated by the ApoB-100 interacting with the sulfate groups of the proteoglycans and further promoted by the oxidative modification of LDL (Williams and Tabas, 1995; Chang et al., 2001; Wang et al., 2001; Skalen et al., 2002; Stocker and Keaney, 2004; Vijayagopal and Menon, 2005) . Considering that the biochemical and ultrastructural environments of BrM and vascular intima are similar (Curcio et al., 2001; Sivaprasad et al., 2005) , this mechanism may also apply to the LLP retention observed in our study.
Our findings indicate that the EL was the first layer that was filled by LLPs and SGs. This may be analogous to the early pathogenesis of an arteriosclerosis that demonstrates LDL depositions in the elastic lamina of the vascular intima (Kramsch and Hollander, 1973; Guyton et al., 1985; Bocan et al., 1988; Podet et al., 1991; Bobryshev and Lord, 1999; Wang et al, 2001) . It has been postulated that LDLs can interact with elastin fibrils via hydrophobic amino acids (Bobryshev and Lord, 1999) or by interactions between the oxidized LDL and calcium ion binding elastin fibrils (Wang et al., 2001) . It remains to be determined if these mechanisms apply to the LLP deposition in the EL of BrM.
In addition to the accumulation mechanisms mentioned above, a further factor that may lead to LLP accumulation is likely the low void space within the EL. As we compared the EL with the ICL in young eyes, it appeared the EL contained more extracellular materials. Hence the EL will be filled faster than the ICL, given similar mechanisms at work in both layers.
What is the origin of the LLPs?
There are a variety of theories regarding the source of the LLPs found in BrM (Holz et al., 1994; Mullins et al., 2000; Curcio et al., 2001 Curcio et al., , 2005a Li et al., 2005a; Sivaprasad et al., 2005) . One potential source of these inclusions is the plasma LDLs entering from the choriocapillaris, as the morphological features of LLPs are similar to aggregated LDLs found in vascular intima (Frank and Fogelman, 1989) . It has been reported that plasma LDLs are transported from choriocapillaris into RPE cells (Gordiyenko et al., 2004) . Alternatively, the recent findings that mRNA for both apoB and microsomal triglyceride transfer protein, necessary for lipoprotein assembly, are located within RPE cells (Malek et al., 2003; Li et al., 2005b) , and that there are significant differences in the density profile and cholesterol distribution of LLPs and plasma lipoproteins (Li et al., 2005a) suggest that RPE cells package LLPs as a new type of lipoprotein particle which then translocates through BrM .
The morphological findings of this study are not conclusive on this issue. The early LLP accumulations in the OCL could be consistent with a plasma origin of these inclusions. However, our finding that accumulation of LLPs progressively filled the EL and ICL while the OCL remained relatively open implies that the RPE-originated particles are impeded by the barrier in the middle of BrM and thus accumulate in the inner aspect of the tissue. The formation of the lipid wall only after the EL and ICL are filled by inclusions also suggests that LLPs squeezing through the BL-RPE are blocked by the filled ICL thus leading them to aggregate between the ICL and BL-RPE. It seems unlikely that LLPs can penetrate a thick barrier in the middle of BrM in old eyes to form the lipid wall if they arrive via a vascular source.
The mechanism of transport of the LLPs from RPE to choroid has yet to be determined. The average size of LLPs appears larger than the interfibrillar spacing of the lamina densa in the BL-RPE. Hence, whether they can pass through this tight network remains questionable. One possible explanation is that smaller particles pass through the lamina and fuse together to form larger LLPs. Another possibility is that particles and/or the lamina densa deform to allow the LLPs to squeeze through, as suggested in the study of the transport of chylomicrons through the basal lamina into lymphatic channels (Sabesin and Frase, 1977) . A future study evaluating the size distribution of LLPs seen in BrM utilizing the QFDE images is warranted.
Conclusions
Grindle and Marshall (1978) proposed that a hydrophobic barrier in BrM could compromise the transport between RPE cells and choroids and this could lead to RPE detachments. In the current study, the QFDE and OTAP techniques applied to the examination of the age-related changes in BrM provided a detailed characterization of age-related changes in the ultrastructure of the components of the tissue. Our findings not only confirmed several types of inclusions demonstrated by other morphological studies but also further suggested that three basic kinds of inclusions could participate in different combinations. We found that the LLPs were not the only inclusions collected in the tissue. The SGs also contributed significantly to this accumulation. The identity of these latter particles was unclear. In addition, the associations between these inclusions and fine filaments in the tissue implied probable interactions between these components that might account for the accumulation of inclusions. The progressive filling by inclusions in the EL and ICL of BrM and the formation of the lipid wall would probably result in the decrease of the hydraulic conductivity as described in other studies (Moore et al., 1995; Starita et al., 1996) .
